Sequencing histone-modifying enzymes identifies UTX mutations in acute lymphoblastic leukemia Mutations affecting epigenetic regulators have long been known to have a crucial role in cancer and, in particular, hematological malignancies. 1, 2 One of the earliest epigenetic factors described altered in leukemia was the mixed lineage leukemia (MLL) protein which is found translocated in 10% of adult acute myeloid leukemia (AML), 30% of secondary AML and 475% of infants with both AML and acute lymphocytic leukemia (ALL). MLL is a SET domain-containing protein, which is recruited to many promoters and mediates histone 3 lysine 4 (H3K4) methyltransferase activity, thought to promote gene expression. 3 In addition to MLL fusions, recently, somatic mutations of UTX (also known as KDM6A), encoding an H3K27 demethylase, were described in multiple hematological malignancies, including multiple myeloma and many types of leukemia cell lines. 4, 5 H3K27 methylation is generally thought to cause gene repression. Complimentary to UTX, mutations of EZH2, a H3K27 methyltransferase, have been reported in both lymphoid and myeloid tumors ( Figure 1) . 6, 7 These mutations lead to altered EZH2 activity and influence H3K27 in tumor cells. Mutations in EZH2, EED and SUZ12, which all cooperate in Polycomb repressive complex 2 have been recently described in early T-cell precursor ALL. 8 Similarly, point mutations affecting the functional jumonji C (jmjC) domain of UTX inactivates its H3K27 demethylase activity. In addition, UTX associates with MLL2 in a multiprotein complex, which promotes H3K4 methylation, and recently MLL2 has also been found mutated in cancer, further pointing to a common and complex epigenetic deregulation in cancer. 9 In line with the growing evidence for epigenetic regulators as important in tumorigenesis, additional mutations affecting epigenetic regulators such as SETD2, a H3K36 methyltransferase, KDM3B, a H3K9 demethylase, and KDM5C, a H3K4 demethylase, have been reported and are associated with distinct gene expression patterns ( Figure 1 ). 4 Though the clinical significance of these findings remains to be explored, it is evident that epigenetic deregulation is having an important role in both lymphoid and myeloid leukemogenesis. Furthermore, with novel drugs at hand, such as histone deacetylase inhibitors or demethylating agents that can target and reverse epigenetic alterations, understanding the underlying molecular aberrations is of growing interest. 10 We therefore undertook an effort to examine the prevalence of somatic mutations in genes encoding histone-modifying proteins, in particular, KDM3B, KDM5C, UTX, MLL2, EZH2 and SETD2, which previously were reported mutated in cancer. 4, 5 For an initial screen, we analyzed banked diagnostic primary leukemia samples from 44 childhood B-cell ALL and 50 adult AML patients, and, where available, used bone marrow samples obtained in complete remission to validate the somatic nature of the mutations. Samples had been collected with patient/parental informed consent from patients enrolled on Dana --Farber Cancer Institute protocols for childhood ALL (DFCI 00-001 (NCT00165178), DFCI 05-001 (NCT00400946)) or AML treatment protocols of the German-Austrian AML Study Group (AMLSG) for younger adults (AMLSG-HD98A (NCT00146120), AMLSG 07-04 (NCT00151242)), and the study was approved by the IRB of the participating centers.
Using conventional Sanger sequencing of primary leukemia sample-derived genomic DNA, we first screened all coding exons in which mutations have been reported previously. 4 ,5 Initially, we analyzed a total of 36 of 174 exons (KDM3B (2/24), KDM5C (9/26), UTX (7/29), MLL2 (8/54), EZH2 (1/20) and SETD2 (9/21)) and found 7 non-synonymous tumor-specific aberrations. In AML, we found one EZH2 mutation (p.G648E) in a t(8;21)-positive, and two MLL2 missense mutations (p.R5153Q and p.Y5216S; Table 1 ) and one MLL2 insertion leading to a frameshift in cytogenetically normal AML cases. UTX mutations (Figure 2 and Table 1 ) were found at a higher incidence (n ¼ 4), which included two heterozygous missense (p.L1197F and p.C1234Y), one hemizygous frameshift (c.3711-3721 insCCTTCCGGGG) at codon 1113, leading to 40 missense amino acids before a stop codon (p.V1113fsX40) and one heterozygous nonsense mutation (p.W1319X). On the basis of these findings, we sequenced the remaining 22 UTX exons in our first cohort of 44 ALL cases and screened the entire coding region of UTX in an additional 94 B-cell ALL diagnosis samples. This analysis identified 1 additional missense (p.D869V), making 5 variants in 138 samples (4%; Table 1 and Figure 2 ). None of these variants were present in dbSNP build 131, which includes 1000 Genomes data. These mutations were validated as somatic in those with germline DNA available (three of five patients). RNA from the patient with the D869V mutation was extracted and RT-PCR performed with UTX transcript-specific primers. Sanger sequencing of the PCR product demonstrated expression of both the wild-type and mutant alleles, in approximately equal amounts (data not shown). In addition, according to profiles banked at the NIH Gene Expression Omnibus, UTX is expressed at high levels in both primary ALL and AML patient samples. 11, 12 The frameshift observed at codon 1113 of UTX truncates the protein in the jmjC domain (Figure 2b ). Similarly located frameshift mutations leading to truncation were described in bladder transitional cell carcinoma, colorectal adenocarcinoma, multiple myeloma and renal cell carcinoma samples. 5 The mutation p.W1319X leads to a stop codon located in the C-terminal end, truncating 81 amino acids with a preserved jmjC domain (Figure 2c ). Similarly located mutations were described in colorectal adenocarcinoma and renal cell carcinoma samples.
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Of the missense mutations observed in the jmjC domain, p.C1234Y was predicted by PolyPhen 13 to be damaging, whereas p.L1197F was predicted to be benign based on the possible impact of the amino-acid substitution on the structure and function of the protein (Figure 2d) .
UTX is found on the X chromosome and, interestingly, 2 of the 5 variants we found were in males and thus hemizygous (p.V1113fsX40 and p.W1319X). In the patient with W1319X, the single-nucleotide variant traces show the remaining wild-type allele, which is likely to be a small amount of normal hematopoietic cells, or a tumor cell subclone lacking the mutation. A homolog of UTX, called UTY, exists on the Y chromosome; however, in vivo studies show that purified UTY does not completely recapitulate the activity of UTX.
14 The other mutations were found heterozygous in female patients; however, this gene has been shown to escape X inactivation, 15 consistent with the finding that both alleles are expressed in the patient with the D869V mutation. As most mutations in UTX are thought to cause loss of function, it is possible that UTX gene dosage may be critical. Alternatively, these mutants have the potential to act as gain of function dominant negatives, as they preserve the protein-interacting tetratricopeptide repeats at the N terminus of UTX. In conclusion, our analysis in acute leukemia revealed mutations in the histone-modifying enzymes recently identified to be altered in other cancers, particularly UTX in ALL and MLL2 in AML, although not at a high incidence. Important to note is that UTX and MLL2 are part of the same protein complex and both MLL2 and UTX mutations may lead to similar phenotypic consequences in cancer cells. Also, MLL2 was not fully sequenced in our analysis, leaving open the possibility of additional mutations in AML. Nevertheless, our findings warrant further analyses within larger studies and most likely more comprehensive studies based on targeted or whole genome/exome next-generation sequencing approaches. Of interest, most of the UTX mutations observed in our study were found in clinically defined high-risk patients and at least 1 of those patients (05-046) eventually relapsed. Therefore, this observation might be of particular interest with regard to potential epigenetic treatment approaches, although the exact mechanisms of transformation in UTX-mutated ALL remain to be elucidated.
